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Abstract
Heterotrimeric G-proteins are composed of Gα, Gβ and Gγ subunits and regulate many 
fundamental processes in plants. Nonetheless plants have a considerably simpler repertoire of G-
protein signaling components than metazoans. In animals, ligand binding to 7 transmembrane 
(7TM) cell surface receptors designated GPCRs leads to G protein activation, however, activation 
of the plant G protein complex is constitutive, therefore the exact role of plant 7TM proteins is 
unclear. MLOs are the best characterized 7TM plant proteins. While genetic ablation of either 
MLO2 or G proteins alters resistance to pathogens, it is unknown if G proteins directly couple 
signaling through MLO2. Here we exploited two well-documented phenotypes of Arabidopsis 
mlo2 mutants, broad-spectrum powdery mildew resistance and spontaneous callose deposition, to 
assess the relationship of MLO2 proteins to the G protein complex. Although our data reveal 
modulation of antifungal defence responses by Gβ and Gγ subunits, our findings are overall 
inconsistent with a role of MLO2 as a canonical GPCR. We discovered that mutants defective in 
the Gβ subunit show delayed accumulation of a subset of defence-associated genes following 
exposure to the microbe-associated molecular pattern (MAMP), flg22. Moreover Gβ mutants were 
found to be hypersusceptible to spray-inoculation with the bacterial pathogen, Pseudomonas 
syringae. In sum, our data do not support a function for MLO proteins as GPCRs, but unravel a 
role for Gβ and Gγ subunits as modulators of basal defence against biotrophic and hemibiotrophic 
phytopathogens.
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Powdery mildew parasites are Ascomycete fungi that cause disease of a wide range of plant 
species. Successful pathogenesis depends on penetration into epidermal host cells by the 
obligate biotrophic phytopathogen, which requires the presence of members of the plant-
specific seven transmembrane (7TM) domain MLO (Mildew Resistance Locus O) protein 
family. Recessive mutations of the founder of this gene family, barley MLO, confer durable 
and broad-spectrum powdery mildew resistance via early termination of fungal pathogenesis 
before successful penetration (Jørgensen, 1992; Büschges et al., 1997). Reminiscent of fully 
resistant barley mlo single mutants, Arabidopsis (Arabidopsis thaliana) triple mutants 
defective in the three co-orthologs MLO2, MLO6 and MLO12 are fully immune against the 
compatible powdery mildew fungi Golovinomyces orontii and Golovinomyces 
chicoracearum, indicating unequal genetic redundancy between the three Arabidopsis genes 
(Consonni et al., 2006). By contrast, mutant versions of MLO2 alone confer only partial 
resistance to these pathogens, a phenotype that is dependent on components of preinvasive 
antifungal defence (Consonni et al., 2006; Consonni et al., 2010).
Mutations in barley and Arabidopsis MLO genes result in additional developmentally-
controlled pleiotropic phenotypes. The formation of spontaneous cell wall deposits 
containing callose, a β-(1,3) polyglucan, in mesophyll cells and early leaf chlorosis/necrosis 
occur during vegetative development in both barley and Arabidopsis mlo mutants (Wolter et 
al., 1993; Piffanelli et al., 2002; Consonni et al., 2006; Consonni et al., 2010). In 
Arabidopsis, spontaneous callose deposition in mlo2 mutants is mediated by PMR4/GSL5 
(POWDERY MILDEW RESISTANT4/GLUCAN SYNTHASE-LIKE5)-activity, an enzyme 
also required for the biosynthesis of callose at wound sites and in local cell wall appositions 
(papillae) following pathogen attack (Jacobs et al., 2003; Nishimura et al., 2003; Consonni 
et al., 2010). Developmentally-controlled callose deposition and early leaf chlorosis/necrosis 
in mlo2 mutants were found to be fully dependent on functional salicylic acid (SA) 
biosynthesis and signalling, which in turns are not essential for mlo2-mediated powdery 
mildew resistance, demonstrating that the pleiotropic effects can be genetically uncoupled 
from mlo-based resistance (Consonni et al., 2006; Consonni et al., 2010).
mlo-mediated powdery mildew immunity is functionally conserved in various plant species 
(Jørgensen, 1992; Consonni et al., 2006; Bai et al., 2008; Humphry et al., 2011), other 
members of the Arabidopsis MLO protein family operate in processes unrelated to powdery 
mildew pathogenesis (Chen et al., 2009; Kessler et al., 2010). The biochemical functions of 
the plant-unique MLO proteins remain elusive. MLO proteins are plasma membrane-
resident and constitute one of the largest heptahelical protein families in Arabidopsis with an 
extracellular N-terminal domain, and a cytoplasmic C-terminal domain (Devoto et al., 1999). 
Thus the domain architecture and subcellular localization of MLO proteins is reminiscent of 
the G-protein coupled receptor (GPCR) superfamily in metazoans (Temple and Jones, 2007; 
Oldham and Hamm, 2008). In animals, GPCRs activate heterotrimeric G-protein signalling, 
one of the most evolutionarily conserved signalling pathways in metazoans, by relying 
extracellular signals through intracellularly associated G-proteins (Oldham and Hamm, 
2008).
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The canonical GPCR-associated G-protein consists of three distinct subunits, Gα, Gβ and 
Gγ, which form a heterotrimeric complex in the inactive state. In animals, ligand binding to 
a GPCR induces the conversion of an inactive G-protein into its active conformation via 
exchange of GDP by GTP bound to Gα. As a result, Gα–GTP separates from the Gβγ dimer 
and both, Gα–GTP and the Gβγ dimer, can activate downstream effectors ultimately leading 
to a cellular response. The intrinsic hydrolytic GTPase activity of Gα recovers the GDP-
bound state, which promotes reassociation of the complex into its inactive form. Regulator 
of G-protein Signaling (RGS ) proteins accelerate the GTPase activity of Gα. In animals, 
RGS proteins are cytoplasmic proteins that are recruited to the G protein complex to 
accelerate deactivation of signaling.
In comparison to metazoans, the set of known heterotrimeric G-protein signalling 
components in plants is much simpler. The fully sequenced genome of the reference plant A. 
thaliana codes for a single canonical Gα subunit (GPA1), one Gβ subunit (AGB1), three Gγ 
subunits (AGG1, AGG2 and AGG3) and a single RGS protein (RGS1) (Chen et al., 2003; 
Jones et al., 2003; Ullah et al., 2003; Trusov et al., 2007; Chakravorty et al., 2011). The plant 
RGS protein is unusual in that it contains an N-terminal 7TM domain. Despite its simplicity, 
the Arabidopsis heterotrimeric G-protein complex has been implicated in a broad range of 
biological processes, including seed germination, cell division, hormone sensitivity, sugar 
sensing, pathogen defence and abiotic stress responses (Assmann, 2002; Jones and 
Assmann, 2004; Perfus-Barbeoch et al., 2004; Chen, 2008). The unique property of the plant 
Gα subunit is spontaneous GTP loading, i.e. no canonical GPCR is needed for activation. 
Rather, the 7TM RGS regulates the activation state of the G protein complex (REF). 
However, other 7TM proteins may also be involved in G protein activation. With a total of 
15 members the plant-specific MLO proteins define one of the largest families of 7TM 
domain proteins in Arabidopsis (Lu et al., 2009) and although no significant sequence 
similarities between mammalian GPCRs and MLO proteins exist, these plant-unique 
proteins may play a role in plant G protein activation (Devoto et al., 1999; Kim et al., 2002; 
Moriyama et al., 2006; Lu et al., 2009).
Previous combined pharmacological and genetic studies in barley did not provide any 
evidence for a function of heterotrimeric G-protein signalling in MLO-mediated powdery 
mildew pathogenesis (Kim et al., 2002). However, these analyses were based on single cell 
transient overexpression and dsRNAi-mediated gene silencing of barley Gα variants that 
were deduced from the animal or yeast system. Moreover, the specificity of the 
pharmaceutical agents is questioned and criticized (Fujisawa et al., 2001; Miles et al., 2004). 
In summary, the question of a GPCR role for the MLO proteins is unanswered.
Consequently, in this study we took a genetic approach to rigorously test a potential role of 
the MLO2 protein as a putative plant GPCR. Based on an informative set of G-protein 
signalling mutants and mlo2 G-protein double mutants, we assessed both powdery mildew 
resistance and developmental callose deposition as readouts for MLO2 function. Overall our 
data are inconsistent with a presumptive role for MLO2 as a canonical GPCR, but unravel a 
role for Gβ and Gγ subunits as modulators of basal defence against biotrophic and 
hemibiotrophic phytopathogens.
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Gβ-deficient mutants allow enhanced host cell entry by adapted and non-adapted powdery 
mildew fungi
To investigate a potential molecular link between MLO2 and the heterotrimeric G-protein 
complex in powdery mildew susceptibility, we assessed the powdery mildew infection 
phenotype of Arabidopsis single mutants defective in each component of heterotrimeric G-
protein signalling (Gα/GPA1, At2g26300; Gβ/AGB1, At4g34460; Gγ1/AGG1, At3g63420; 
Gγ2/AGG2, At3g22942 and RGS1, At3g26090) and the respective mlo2-6 double mutants. 
Given that Gγ1 and Gγ2 may act redundantly, the double mutant agg1-1/agg2-1 and the 
corresponding agg1-1,agg2-2,mlo2-6 triple mutant were also added to the analysis. Since 
mlo-mediated resistance operates early and primarily affects host cell penetration we 
focussed on this parameter for the assessment of susceptibility of the mutants to the powdery 
mildew disease. Quantitative analysis of fungal entry into plant epidermal leaf cells by the 
adapted powdery mildew fungus Golovinomyces orontii was performed at 48 h post 
inoculation (hpi) and revealed an increased penetration rate of the fungus on the Gβ null 
mutant, agb1-2 (74 ± 9 % for Col-0 versus 83 ± 6 % for agb1-2; Fig. 1A, P=). The 
independent EMS mutant allele, agb1-9, the gpa1-4 mutant, and the agg2-1 mutant also 
showed elevated fungal entry rates, although for these lines the data were not statistically 
significant (Fig. 1A). The increased susceptibility phenotype was more pronounced in the 
double mutants agb1-2/mlo2-6 and agb1-9/mlo2-6, where entry rates were 59 ± 11 % and 60 
± 16 % compared to 41 ± 12 % for the mlo2-6 single mutant (Fig. 1A, P= ). In agreement 
with this finding, the agb1-2/mlo2-6 and agb1-9/mlo2-6 double mutants showed enhanced 
powdery mildew disease symptoms at 7 d post inoculation (dpi) on (Fig. 1C, P=). Together 
these data suggest a role for the Gβ subunit, AGB1, in restricting host cell penetration of the 
adapted powdery mildew fungus G. orontii independently of the presence or absence of 
MLO2.
In the compatible interaction with G. orontii, high pathogenicity of the host-adapted fungus 
may mask a potential contribution of the G-protein complex to powdery mildew defence, 
especially in the presence of MLO2. Therefore, we additionally scored the penetration 
success of a less virulent, non-adapted powdery mildew fungus, the pea pathogen Erysiphe 
pisi. Consistent with the findings seen in the compatible interaction with G. orontii (see 
above; Fig. 1A), the agb1-2 and agb1-9 single mutants exhibited an enhanced frequency of 
successful entry by the non-adapted fungus (Fig. 1B). Similarly, agb1-2/mlo2-6 and agb1-9/
mlo2-6 double mutants allowed significantly increased penetration by E. pisi (note that 
similar to the interaction with G. orontii entry levels of E. pisi are lower in the mlo2-6 
double mutants; Consonni et al., 2006). These findings further corroborate a function of the 
Gβ subunit in pre-invasive defence against powdery mildew fungi independent of MLO2. 
While the single Gγ-deficient mutants as well as the agg1-1/agg2-1 double mutant did not 
display enhanced powdery mildew penetration phenotypes, the triple mutant agg1-1/agg2-1/
mlo2-6 showed elevated plant cell entry by both fungal pathogens (Fig. 1A and B). Notably, 
at 7 dpi the triple mutant retained resistance to the compatible powdery mildew fungus, G. 
orontii, which was comparable to the mlo2-6 control plant (Fig. 1C, P=). Furthermore, the 
agg1-1/mlo2-6 double mutant exhibited enhanced penetration by the pea powdery mildew 
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fungus, which was quantitatively similar to the triple mutant agg1-1/agg2-1/mlo2-6, but 
higher compared to the entry rates on the two agb1/mlo2-6 double mutants (Fig. 1B, P=). 
Interestingly, these effects were not observed upon infection with the adapted pathogen, G. 
orontii (Fig. 1A), which suggests differential requirements of G-protein complex 
components in mlo2-mediated defence against adapted and non-adapted powdery mildew 
fungi.
mlo2-mediated developmental callose deposition and salicylic acid accumulation are 
impaired in the Gγ1-deficient mutant
The biochemical function of MLO proteins during powdery mildew host cell invasion 
remains currently unknown. We thus cannot rule out the possibility that MLO proteins 
operate as G-protein-coupled receptors in normal plant physiology, but are co-opted for a G-
protein-independent activity during fungal pathogenesis (Panstruga and Schulze-Lefert, 
2003). In such a scenario, the contribution of G-proteins to MLO activity would remain 
undiscovered in powdery mildew infection assays. We thus sought for a readout of MLO2 
function that is independent of the involvement of any pathogen. When grown under 
pathogen-free conditions, mlo2 mutant plants show spontaneous callose accumulation in leaf 
mesophyll cells. This phenotype is under developmental control and is detectable from six 
weeks onwards (Consonni et al., 2006; Consonni et al., 2010). To test whether heterotrimeric 
G-protein signalling contributes to this mlo2-associated but pathogen-independent process, 
callose deposition was analyzed in non-infected rosette leaves of 6-week old Col-0 control 
plants, G-protein single mutants (gpa1-4, agb1-2, agb1-9, agg1-1, agg2-1 , rgs1-1) and the 
respective mlo2-6 double mutant plants. Similar to the Col-0 wild-type, G-protein single 
mutants exhibited no callose deposition, whereas the majority of the corresponding mlo2-6 
double mutants behaved like mlo2-6 control plants and developed numerous spontaneous 
callose deposits (Fig. 2A). Interestingly, the agg1-1/mlo2-6 double mutant showed markedly 
reduced callose accumulation, indicating an involvement of the Gγ1 subunit, AGG1, in the 
developmentally controlled biosynthesis of callose in the mlo2-6 mutant (Fig. 2A).
The formation of callose deposits in mlo2 mutants requires the PMR4/GSL5 callose 
synthase, an enzyme best known for its role in the biosynthesis of the β−(1,3) polyglucan at 
wound sites and in papillae following pathogen attack (Jacobs et al., 2003; Nishimura et al., 
2003). To investigate if the Gγ1 subunit has a general function in callose biosynthesis and 
also contributes to wound and/or papillary callose depositions, we determined callose 
accumulation after leaf wounding and subsequent to inoculation with the non-adapted 
powdery mildew fungus, E. pisi. Compared to Col-0 and mlo2-6 control plants, wound- and 
pathogen-induced callose accumulation was unaltered in the agg1-1 single and the agg1-1/
mlo2-6 double mutant (Fig. 2B and C). These findings indicate that the Gγ1 subunit is 
dispensable for localized PMR4/GSL5-generated callose formation in response to wounding 
and pathogen challenge. Instead, the data suggest a specific role for AGG1 in mlo2-
dependent developmentally controlled deposition of the β−(1,3) polyglucan.
Spontaneous callose formation in the mlo2 mutant depends on functional salicylic acid (SA) 
biosynthesis and signaling, as double mutants defective in both MLO2 and components of 
the SA pathway are suppressed in developmentally controlled callose deposition (Consonni 
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et al., 2006). Moreover, mlo2 mutants display elevated levels of free and total SA in the 
course of development. The timing of the increase in SA levels correlates with the onset of 
spontaneous callose deposition (from six weeks onwards; Connsoni et al., 2006), suggesting 
a molecular link between SA accumulation and callose deposition. We therefore reasoned 
that reduced SA levels might account for the impaired spontaneous callose accumulation in 
the agg1-1/mlo2-6 mutant and determined SA concentrations in uninfected 6-week old 
mutant plants. Consistent with previous results (Consonni et al., 2006), the mlo2-6 mutant 
displayed increased free (ca. 3-fold higher) and total (ca. 10-fold higher) SA levels 
compared to Col-0, while SA levels in the agg1-1 single mutant were indistinguishable from 
the wild-type (Fig. 3). In the agg1-1/mlo2-6 double mutant, concentrations of free SA were 
intermediate between Col-0 and the agg1-1 mutant, whereas levels of total SA were similar 
to Col-0 wild-type and thus strongly reduced compared to the mlo2-6 single mutant (Fig. 3). 
These findings suggest that the Gγ1 subunit, AGG1, positively contributes to 
developmentally-induced SA accumulation in the context of the mlo2-6 mutant, which 
explains the reduced number of callose deposits in the agg1-1/mlo2-6 double mutant. To 
investigate if the agg1 mutant has a general defect in SA accumulation and/or biosynthesis, 
we quantitatively assessed SA accumulation in Col-0 wild type plants, mlo2-6, agg1-1 and 
agg1-1/mlo2-6 mutants following G. orontii challenge at 48 hpi. Irrespective of the 
genotype, free and total SA concentrations were elevated to similar levels in response to the 
pathogen (Fig. 3B). In summary, these data indicate that the Gγ1 subunit is dispensable for 
G. orontii-triggered SA accumulation, but has a specific function in mlo2-mediated 
developmental SA accumulation.
AGB1 and AGG1 are coexpressed with key components of antifungal defense
We recently proposed that several genes with a documented function in pre-invasive defense 
against powdery mildew fungi (e.g. MLO2, PEN1, PEN2, PEN3, SNAP33, VAMP722) 
show correlated transcript accumulation across a broad range of conditions and plant tissues 
(“coexpression”), together with a suite of additional genes, form a transcriptional regulon 
that defines a conserved functional module in plants (Humphry et al., 2010). Using a 
publicly accessible resource for the assessment of gene coexpression in Arabidopsis 
(ATTED-II; http://atted.jp/) we discovered that genes coexpressed with either AGB1 or 
AGG1 show a considerably higher overlap with genes found in this transcriptional regulon 
than genes coexpressed with either GPA1 or RGS1 (ca. 2–3-times as many; Table 1). A 
considerable overlap of genes present in the conserved defence regulon and genes 
coexpressed with either AGB1 and/or AGG1 hints at an authentic role for the Gβ and Gγ1 
subunits in plant immunity. The fact that AGB1 and AGG1 are not integral parts of the 
previously identified conserved defence regulon suggests that these two G-protein subunits 
play a minor role in plant immunity. This is consistent with the weak but reproducible 
phenotypes observed with the respective mutants in our pathogen infection assays (Fig. 1A 
and B, Fig. 6).
Gβ-deficient mutants display reduced flg22-triggered immune responses
The presumed role of AGB1 as a peripheral part of the defence regulon prompted us to take 
a broader look at immune responses in the agb1 mutant. A previous study demonstrated a 
role for Arabidopsis AGB1 in MAMP-induced oxidative burst control (Ishikawa, 2009). 
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However, in this work only a single AGB1 mutant allele was tested and no complementation 
line was analyzed. Using two independent agb1 mutants, agb1-2 and agb1-9, we confirmed 
reduced ROS production in response to flg22 treatment in these mutants, while ROS 
production was slightly but not statistically significantly reduced in mutants of other G-
protein components (Fig. 4A and B). As previously shown by Ishikawa (2009), activation of 
the MAPK cascade upon MAMP treatment was not altered in the agb1-2 mutant.
To elucidate a potential role of the Gβ subunit in MAMP-mediated transcriptional activation 
of defence genes, we studied transcript accumulation of the known MAMP-induced genes 
NHL10, PHI1, PROPEP2, PROPEP3 and WRKY22 over time after flg22 treatment as 
described (Huffaker et al., 2006; Lu et al., 2009; Boudsocq et al., 2010; Kwaaitaal et al., 
2011). In Col-0 wild-type plants, NHL10, PROPEP2 and PROPEP3 transcript levels 
gradually increased within one h after flg22 application (Fig. 5). Flg22-induced transcript 
accumulation of these genes was markedly reduced in both agb1 mutants, agb1-2 and 
agb1-9, with a pronounced reduction in NHL10 and PROPEP3 expression levels and a 
minor decrease in PROPEP2 transcript accumulation compared to the wild-type (Fig. 5). 
Although the kinetics of flg22-induced defence gene activation and the extent of its 
reduction in agb1 mutant seedlings varied (c.f absolute expression values of the two sets of 
experiments), the expression level of these three genes was consistently decreased at 30 min 
after flg22 treatment in both agb1 mutant lines throughout multiple independent experiments 
(Table 2). Notably, WRKY22 and PHI1 transcript accumulation in response to flg22 was not 
altered in agb1 mutant plants compared to the wild-type (Fig. S1). Together these data 
suggest a function of the Gβ subunit in flg22-mediated transcriptional reprogramming of a 
subset of Arabidopsis defence genes including NHL10, PROPEP2 and PROPEP3. However, 
AGB1 seems dispensable for the expression of other flg22-induced defence genes such as 
WRKY22 and PHI1.
The agg1-1 single mutation originates from the Arabidopsis accession Ws-0 and was 
subsequently introgressed into the Col-0 ecotype by eight backcrosses (Trusov et al., 2007) 
because the Ws-0 accession carries a natural mutation in the gene encoding the flagellin 
receptor, FLS2, making it insensitive to flg22 treatment (Gómez-Gómez and Boller, 2000). 
Sequencing of the FLS2 gene in the agg1-1/agg2-1 double mutant revealed the presence of 
the natural fls2 mutation in the double mutant but not in the backcrossed agg1-1 single 
mutant (data not shown). We therefore excluded the agg1-1/agg2-1 double mutant from the 
analysis of flg22-triggered effects.
Gβ-deficient mutants exhibit enhanced susceptibility to the virulent bacterial pathogen 
Pseudomonas syringae pv. tomato DC3000
Given that Gβ function is required for full expression of a subset of flg22-induced defence 
responses, we reasoned that agb1 mutants may be compromised in anti-bacterial defence. 
Previous studies did not reveal evidence for a role of the Gβ subunit in bacterial growth 
restriction (Trusov et al., 2006; Ishikawa, 2009), but these relied on experiments that were 
based on an inoculation method (syringe infiltration of bacterial cultures) that bypasses the 
first step of the genuine bacterial infection process. In nature, bacteria enter host plant leaves 
through wounds and openings such as stomata. In order to mimic the natural infection 
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conditions, we performed bacteria spray inoculation on 4-week old agb1 mutant plants using 
the Pst DC3000 wild-type strain. At three days after spray inoculation with Pst DC3000 we 
observed a tendency towards enhanced macroscopic disease symptoms on the agb1 mutants, 
agb1-2 and agb1-9 (Fig. 6A). Quantification of bacterial growth revealed an increase in 
bacterial titers in both agb1 mutants (Fig. 6B). Although the differences in bacterial 
proliferation on the agb1 mutants compared to wild-type plants was not statistically 
significant, we observed the same tendency (increased bacterial titers in both agb1 alleles) in 
each of three independent experiments.
DISCUSSION
The MLO2 protein is not a GPCR in defense and callose deposition
In the canonical model of heterotrimeric G-protein signalling, extracellular ligand binding to 
the GPCR induces activation of the intracellularly associated Gα subunit, resulting in the 
dissociation of Gα from the Gβγ dimer and subsequent downstream signalling (Oldham and 
Hamm, 2008). If we assumed that the MLO2 protein acts as a canonical plant GPCR, 
Arabidopsis mutants defective in the Gα and/or Gβ and Gγ subunit we would expect to 
phenocopy MLO2-deficient plants resulting in powdery mildew resistance. However, none 
of the Arabidopsis mutants lacking any of the known heterotrimeric G-protein components 
displayed a resistant powdery mildew infection phenotype similar to mlo2 plants (Fig. 1A 
and B). Instead we observed that Gβ- and Gγ-deficient mutants exhibited enhanced powdery 
mildew susceptibility, indicating an involvement of these G-protein components in defence 
against powdery mildew fungi (Fig. 1A, B and C). While elevated fungal entry rates on agb1 
mutants occurred irrespective of the presence or absence of the MLO2 protein, enhanced 
invasiveness of the pathogens on agg mutants was dependent on loss of MLO2 function (Fig. 
1 A and B). These findings suggest a role of Gβ in powdery mildew defence that is 
independent of MLO2, whereas the contribution of the Gγ subunits to powdery mildew 
immunity seems to be controlled by the MLO2 protein (see below, Fig. 7). We used mlo2-
conditioned spontaneous callose deposition as a second, pathogen-independent readout of 
MLO2 function, which revealed, with the exception of the mlo2-6/agg1-1 double mutant 
(discussed further below), unaltered phenotypes in the G-protein single mutants and 
respective double mutants in combination with mlo2-6 (Fig. 2A). In sum, none of the 
observed phenotypes of the G-protein mutants is in agreement with a putative canonical 
GPCR function for MLO2. This is consistent with results obtained in the context of two 
other Arabidopsis MLO family members, MLO4 and MLO11. These MLO proteins co-
function to control root thigmomorphogenesis, and it was recently found that MLO4 and 
MLO11 are unlikely to operate through heterotrimeric G-proteins in this process (Chen et 
al., 2009).
Although results obtained in this and previous studies (Kim et al., 2002; Chen et al., 2009) 
disagree with a GPCR function for MLO2 in powdery mildew pathogenesis, premature leaf 
senescence and root thigmomorphogenesis, this activity remains a formal possibility for 
other yet unknown MLO-dependent processes. Alternatively, MLO proteins may constitute 
heptahelical cell surface receptors that transmit extracellular signals through mechanisms 
that function independently of G-protein coupling (aka signaling ‘at zero G’) as has been 
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proven for some GPCRs in Dictyostelium discoideum and mammalian cells (Brzostowski 
and Kimmel, 2001). Precedence in plants for such a scenario is provided by the putative 
Arabidopsis GPCR, GCR1, which shares sequence similarity (~ 20 %) with the D. 
discoideum CAR1 receptor and has been shown to act in both, G-protein-dependent and -
independent pathways (Chen et al., 2004; Pandey and Assmann, 2004). However, kinetic 
studies demonstrated that the sole canonical Arabidopsis Gα subunit is in the activated GTP-
bound state by default, suggesting that the heterotrimeric G-protein acts without cognate 
GPCRs in Arabidopsis (Johnston et al., 2007; Jones et al., 2011).
It is also conceivable that the function of MLO proteins is entirely unrelated to ligand 
binding but may involve transduction of signals perceived by other types of receptors or may 
serve a non-receptor function altogether. The Arabidopsis genome contains more than 600 
receptor-like kinases (RLKs), which represent nearly 2.5 % of the annotated protein-coding 
genes (Shiu and Bleecker, 2001). Results from a recent study aiming at the elucidation of the 
Arabidopsis membrane interactome by applying the yeast split-ubiquitin technology suggest 
some MLO proteins interact with RLKs (Lalonde et al., 2010). In agreement with a 
presumptive function of MLO proteins in RLK-associated processes, MLO7/NORTIA, 
another member of the Arabidopsis MLO protein family, and FERONIA (FER), a RLK, 
both control pollen tube reception (Kessler et al., 2010). Moreover, fer and mlo7 as well as 
mlo2 mutants share several phenotypic similarities, suggesting that FER and various MLO 
proteins co-function to regulate pollen tube reception, powdery mildew pathogenesis and 
maybe other yet unknown processes. However, a direct physical interaction between MLO 
proteins and FER has not been found as yet (S. Kessler, personal communication).
The Gβ subunit acts in defense against (hemi-) biotrophic pathogens
A number of early pharmacological analyses originally suggested a role for the 
heterotrimeric G-protein in plant defence (Legendre et al., 1992; Vera-Estrella et al., 1994; 
Beffa et al., 1995; Gelli et al., 1997; Mahady et al., 1998; Rajasekhar et al., 1999; Han and 
Yuan, 2004). Meanwhile genetic studies with Arabidopsis G-protein mutants provided 
conclusive evidence for a function of heterotrimeric G-protein signalling in plant immunity. 
Arabidopsis mutants lacking AGB1 display increased susceptibility to the necrotrophic fungi 
Plectosphaerella cucumerina, Alternaria brassicicola, Fusarium oxysporum and Botrytis 
cinerea, indicating a role for Gβ in defence against these pathogens (Llorente et al., 2005; 
Trusov et al., 2006; Trusov et al., 2007). In contrast, previous analyses failed to support an 
involvement of Gβ in defence against pathogens with a (hemi-) biotrophic life style such as 
P. syringae bacteria or the oomycete Hyaloperonospora arabdopsidis (Llorente et al., 2005; 
Trusov et al., 2006).
In the present study we found that Arabidopsis Gβ-deficient mutants allow higher host cell 
entry by the biotrophic powdery mildew fungi, G. orontii and E. pisi, indicating a role for Gβ 
in pre-invasive defence against these obligate biotrophic pathogens (Fig. 1A, B and C). 
Moreover, upon inoculation of P. syringae via spray inoculation, a procedure that more 
closely resembles the conditions of natural bacterial infection, we also observed increased 
bacterial susceptibility on Gβ-deficient mutants pointing to an additional role of Gβ in 
bacterial growth restriction (Fig. 6A and B). Thus, data acquired in this study for the first 
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time support a function of the Gβ subunit in Arabidopsis defence against pathogens with a 
(hemi-) biotrophic life style (Fig. 7). Given that Gβ-dependent processes contribute to 
defence against a broad spectrum of plant pathogens with various life styles, Gβ likely either 
plays a role in basal plant immune mechanisms or indirectly affects plant immunity. While 
coexpression data favour the first possibility (Table 1), recent publications revealed a novel 
function for Gβ in the regulation of cell wall architecture, which may support the second 
scenario (Klopffleisch et al., 2011; Delgado-Cerezo et al., 2012). It is well established that 
alterations in Arabidopsis cell wall composition can lead to modified immune responses to 
various plant pathogens (Ellis and Turner, 2001; Vogel et al., 2002; Vogel et al., 2004; 
Hernández-Blanco et al., 2007; Cantu et al., 2008). Therefore, loss of Gβ-regulated cell wall 
modifications may be the cause for the altered plant disease responses.
The Gγ subunits are required for mlo2-mediated powdery mildew resistance
Arabidopsis mlo2-based powdery mildew resistance relies on functional SNARE protein-
dependent secretory defence and the biosynthesis and extrusion of indolic secondary 
metabolites, as mutations in components of these two independent defence pathways 
compromise powdery mildew immunity in the mlo2 mutant background (Consonni et al., 
2006; Consonni et al., 2010). Similarly, mlo2-mediated resistance to the powdery mildew 
fungi G. orontii and E. pisi was compromised by mutations in the Gγ subunits, AGG1 and 
AGG2, indicating that Gγ functions are also required for mlo2-mediated powdery mildew 
resistance (Fig. 1A and B, Fig. 7). Notably, mlo2 resistance against G. orontii, was only 
compromised when both genes, AGG1 and AGG2, were disrupted, indicating that both Gγ 
subunits have complementary functions in defence against the adapted powdery mildew 
pathogen (Fig. 1A). In comparison to the previously described suppressors of mlo2 
resistance (Consonni et al., 2006; Consonni et al., 2010), we found that elevated G. orontii 
entry rates in the agg1-1/agg2-1/mlo2-6 triple mutant were intermediate between Col-0 
wild-type and mlo2 control plants, indicating a less pronounced role for the Gγ subunits in 
defence against the compatible powdery mildew fungus. By contrast, mlo2-mediated 
resistance against the pea powdery mildew fungus, E. pisi, was impaired in the absence of 
the Gγ1 subunit only (Fig. 1B). This finding indicates that defence against the non-adapted 
pathogen in the mlo2 genotype is selectively mediated by Gγ1, while the Gγ2 subunit seems 
to be dispensable in this context. In contrast to the previously identified suppressors of mlo2 
resistance, mutations in AGG1 (and/or AGG2) do not affect resistance against E. pisi in the 
presence of MLO2 (Fig. 1B), suggesting that AGG1 and AGG2 operate in a pathway that is 
unrelated to SNARE protein-mediated secretion and indolic secondary metabolite 
biosynthesis. Irrespective of the underlying mechanism these data indicate differential 
requirements of Gγ1 and Gγ2 in mlo2-mediated defence against adapted and non-adapted 
powdery mildew fungi. Selective functionality of the Gγ subunits was previously described 
in defence against the necrotrophic fungus Alternaria brassicicola (Trusov et al., 2007).
The Gγ1 subunit is required for mlo2-mediated developmental callose deposition and 
salicylic acid accumulation
We showed that function of Gγ1, but not Gγ2, is necessary for the developmentally-
controlled callose deposition in mlo2 mutant plants (Fig. 2A, Fig. 7). The formation of 
callose deposits in mlo2 plants requires the PMR4/GSL5 callose synthase (Consonni et al., 
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2010). We conclude that loss of Gγ1 functions does not directly affect PMR4/GSL5-
dependent callose biosynthesis, as synthesis of papillary and wound callose, which also 
requires PMR4/GSL5 (Jacobs et al., 2003; Nishimura et al., 2003), was not altered in the 
agg1-1/mlo2-6 double mutant (Fig. 2B and C). These data indicate that Gγ1 functions 
upstream of PMR4/GSL5-dependent callose deposition (Fig. 7). As spontaneous callose 
formation in mlo2 mutant plants is linked to functional SA signalling and increased SA 
accumulation (Consonni et al., 2010), we speculate that reduced SA level accounts for the 
impaired spontaneous callose deposition in agg1-1/mlo2-6 mutant plants. In fact, levels of 
free and total SA were markedly decreased in the double mutant (Fig. 3). By contrast, SA 
accumulation triggered by powdery mildew inoculation was not altered in the agg1-1/mlo2-6 
mutant compared to control plants (Fig. 3B). Together these data indicate a positive 
regulatory role of Gγ1 in SA signalling or SA biosynthesis that is specific for 
developmentally-controlled callose deposition in mlo2 mutant plants (Fig. 7).
The Gβ subunit mediates flg22-triggered immune responses
Perception of MAMPs by the corresponding PRRs is associated with the activation of 
diverse physiological responses that are thought to contribute to robust immunity. However, 
mechanisms by which MAMP-induced responses are achieved are largely unknown. 
Increasing evidence points to a role of heterotrimeric G-protein signalling in the integration 
of MAMP-perception into downstream responses (Zhang et al., 2008; Ishikawa, 2009; 
Zhang et al., 2011). A previous study revealed a role for AGB1 in MAMP-induced oxidative 
burst control, positioning Gβ-mediated signalling early after MAMP perception upstream of 
RbohD (respiratory burst oxidase homologs D) activity, the NADPH oxidase essential for 
MAMP-induced ROS production (Zhang et al., 2007; Ishikawa, 2009). Using two 
independent agb1 mutants, agb1-2 and agb1-9, we corroborated reduced ROS production in 
response to flg22 treatment in these mutants (Fig. 4, Fig. 7). Residual ROS spiking in agb1 
mutants suggests the involvement of additional components in flg22-triggered oxidative 
burst control.
Although flg22-induced ROS production was reduced in Gβ-deficient mutants, MAMP-
triggered activation of MAPK cascades was not affected, indicating that Gβ-dependent 
signalling is not required for MAPK activity (Ishikawa, 2009). Together these results suggest 
that either both events occur independently of each other or that MAPKs act upstream of 
Gβ-mediated ROS formation. The relationship between ROS and MAPK cascades in plant 
defence is controversial; while some results favour the action of MAPKs upstream of ROS 
formation (Zhang et al., 2007), other data contradict this hypothesis (Lu et al., 2009; 
Boudsocq et al., 2010).
Data obtained in this study support a role for Gβ in flg22-mediated transcriptional 
reprogramming. Interestingly, Gβ seems to regulate the transcript accumulation of a subset 
of defence marker genes (NHL10, PROPEP2, PROEP3), whereas it does not affect the 
expression of other defence-related genes (WRKY22, PHI1) (Fig. 5, Supplemental Fig. 1). 
These findings indicate the existence of Gβ-dependent and Gβ-independent pathways 
regulating transcriptional reprogramming in response to MAMP treatment. This concept is 
in agreement with the recently proposed model of MAPK- and CDPK-specific activation of 
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MAMP-triggered defence gene expression (Boudsocq et al., 2010). In summary, results from 
this and previous studies demonstrate that despite the simple repertoire of heterotrimeric G-
protein components found in plants, signalling processes using the heterotrimeric G-protein 
are highly complex
MATERIAL AND METHODS
Plant material and growth conditions
Arabidopsis (Arabidopsis thaliana) wild-type Col-0, agb1-2 (Ullah et al., 2003), agg1-1 
(Trusov et al., 2007), agg2-1 (Trusov et al., 2007), agg1-1/agg2-1 (Trusov et al., 2007), 
gpa1-4 (Jones et al., 2003), mlo2-6 (Consonni et al., 2006), agb1-9 (REF) and rgs1-1 (Chen 
et al., 2003) mutants were described G-protein mlo2 double and triple mutants were 
generated by crossing mlo2-6 plants with the corresponding G-protein mutants. 
Homozygous insertion mutants were selected by PCR using T-DNA- and gene-specific 
primer sets as described on the T-DNA Express webpage (http://signal.salk.edu/cgi-bin/
tdnaexpress). Primer sequences are available on request. Homozygous agb1-9 mutants were 
identified by cleaved amplified polymorphic sequence (dCAPS) analysis using the dCAPS 
markers: 5’-GCTATGCGAGCAACAACACTTGCTACGCTT-3’ and 5’-
CTGACAACCCCAAACAGC-TT-3’ followed by a DdeI digestion.
For flg22-triggered gene expression assays seedlings were pre-grown on ½ MS agar plates 
with 0.25 % sucrose for 5 d and subsequently on analogous liquid medium for additional 5–
7 d under a 10/14 h light/dark cycle at 21°C and 70 % relative humidity. For all other 
experiments plants were soil grown under controlled conditions under a 10/14 h light/dark 
cycle at 23°C and 65 % relative humidity.
Phytopathogens and infection assays
The powdery mildew isolates of G. orontii and E. pisi kept at the Max-Planck Institute for 
Plant Breeding Research were used in this study (Lipka et al., 2005) and powdery mildew 
infection assays were performed as described previously (Consonni et al., 2006). The 
bacterial strain used was P. syringae pv. tomato DC3000 and bacteria spray infection assays 
were conducted as described before (Heidrich et al., 2011).
Analysis of callose deposition
For visualization of callose, rosette leaves were detached, cleared with ethanol/acidic acid 
(3/1 (v/v)) and subsequently stained for 24 h with 0.01 % aniline blue in 150 mM KH2PO4 
(pH 5.8). Callose deposits were visualized by epifluorescence microscopy using an UV filter 
set. For the analysis of spontaneous callose depositon 6-week old plants were used, for the 
analysis of wound-induced callose, leaves from 4-week old plants were squeezed with 
forceps and collected after 24 h. For visualization of papillary callose, 4-week old plants 
were inoculated with E. pisi and leaves were harvested at 7 dpi.
Quantification of SA
SA quantification was done essentially as previously described (Straus et al., 2010).
Lorek et al. Page 12














ROS assays were performed as described (Gómez-Gómez et al., 1999)with the following 
modifications. Leaf discs (5 mm diameter) excised from 4-week old plants were incubated 
over night in water before they were transferred into microtiter plates containing 50 µl water. 
ROS production was triggered by the addition of 1 µM flg22 (peptide, 
QRLSTGSRINSAKDDAAGLQIA, synthesized by Centic Biotec, Weimar, Germany), 
applied in a reaction mixture containing 50 µl water, 20 µM luminol (Fluka) and 1 µg 
horseradish peroxidase (Sigma-Aldrich). Luminescence was measured in a Centro LB 960 
microplate luminometer (Berthold Technologies, Bad Wildbad, Germany). Flg22-mediated 
ROS production (relative luminescence units) in Figure 4A is represented as the integrated 
area under the ROS curve measured during a time course of 41 min and is referred to as Σ 
relative luminescence units. Figure 4B displays the kinetic of flg22-mediated ROS 
production during a time course of 41 min.
Gene expression analysis
The treatment of seedlings with flg22, the extraction of total RNA, cDNA synthesis, and 
quantitative RT-PCR were performed essentially as described previously (Kwaaitaal et al., 
2011). To quantify transcripts of the indicated genes the following forward and reverse 
primers were used: 5’-GAGCTGAAGTGGCTTCCATGAC-3’ and 5’-
GGTCCGACATACCCATGATCC-3’ for At4g26420 (Czechowski et al., 2005); 5’-
TTCCTGTCCGTAACCCAAAC-3’ and 5’-CCCTCGTAGTAGGCATGAGC-3’ for NHL10 
(At2g35980) (Boudsocq et al., 2010); 5’-TTGGTTTAGACGGGATGGTG-3’ and 5’-
ACTCCAGTACAAGCCGATCC-3’ for PHI1 (At1g35140) (Boudsocq et al., 2010); 5’-
AGAAAAGCCTAGTTCAGGTCGTC-3’ and 5’-CTCCTTATAAACTTGTATTGCCGC-3’ 
for PROPEP2 (At5g64890); 5’-GTTCCGGTCTCGAAAGTTCATC-3’ and 5’-
TGAACTCTAATTGTGTTTGCCTCC-3’ for PROPEP3 (At5g64905) and 5’-
CATCCGATCAACAGACGAGTAAAT-3’ and 5’-AAATTCGTCGGCTGAAGTCAC-3’ for 
WRKY22 (At4g01250) (Lu et al., 2009).
Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Powdery mildew infection phenotypes of G-protein mutants and corresponding mlo2-6 
double mutants. Powdery mildew inoculations were preformed with conidiospores of the 
respective fungus on rosette leaves of 4-week old plants of the indicated genotypes. 
Quantitative analysis of G. orontii (A) and E. pisi (B) entry rates scored at 48 hours and 7 d 
post inoculation, respectively. Results represent mean ± standard deviation of at least three 
independent experiments. Asterisks indicate a significant difference from Col-0 wild-type 
(*** P < 0.01, * < 0.05, Student’s t-test) and number signs indicate a significant difference 
from mlo2-6 mutant (### P < 0.01, # P < 0.05, Student’s t-test). (C) Macroscopic G. orontii 
infection phenotypes at 7 days post inoculation. Bar = 1cm
Lorek et al. Page 18














Callose accumulation in rosette leaves. Callose was stained with aniline blue. (A) 
Representative micrographs demonstrating spontaneous callose deposition in leaves of 6-
week old plants of the indicated genotypes grown in pathogen-free conditions. The 
experiment was repeated at least three times with similar results. Bar = 100 µm. (B) Leaves 
from 4-week old plants of the indicated genotypes injured with forceps showing callose 
deposition at wound sites (= arrowheads). The experiment was performed twice with similar 
results. Bar = 100 µm. (C) Four-week old leaves from plants of the indicated genotypes at 7 
d post inoculation with the non-adapted powdery mildew fungus E. pisi exhibit callose 
deposition at sites of fungal interaction. Fungal structures were stained with Coomassie 
Brillant Blue. The experiment was performed once. Bar = 100 µm.
Lorek et al. Page 19














Accumulation of free and total salicylic acid (SA) in wild-type, mlo2-6, agg1-1 and agg1-1/
mlo2-6 mutant plants. (A) SA levels were determined in rosette leaves of 6-week old plants 
grown under pathogen-free conditions. (B) SA concentrations were measured in rosette 
leaves of 4-week old plants at 48 h post inoculation with G. orontii. Results represent means 
± SE of at least three independent experiments.
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Flg22-induced ROS burst in G-protein single mutants. Leaf discs from 4-week old plants 
were treated with 1 µM flg22 and ROS formation was measured in a chemiluminescence 
assay. (A) Flg22-induced ROS production in the indicated genotypes is represented as the 
integrated area under the ROS curve measured during a time course of 41 min and is referred 
to as Σ relative luminescence units. (B) ROS burst in the indicated genotypes was measured 
for the indicated time points after flg22 application. Results are presented as mean ± SE of at 
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least five independent experiments. Asterisks indicate a significant difference from Col-0 
wild-type (*** P < 0.01, * < 0.05, Student’s t-test).
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Transcript levels of the MAMP-induced genes NHL10, PROPEP2 and PROPEP3 are 
reduced in agb1 mutants after flg22 treatment. Two-week old agb1-2 (A, C, E) and agb1-9 
(B, D, F) seedlings were treated with 1 µM flg22 and sampled at the indicated time points 
after flg22 application. Transcript levels were determined by quantitative RT-PCR. (A, B) 
NHL10, (C, D) PROPEP2 and (E, F)PROPEP3 gene expression was normalized to the 
transcript levels of the reference gene At4g26420 and is presented relative to the transcript 
abundance of non-treated Col-0 wild-type at time point 0 minutes. A representative data set 
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with mean ± standard deviation of three technical replicates per genotype and time point is 
shown. The experiment was performed three times with similar results.
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Plants carrying agb1 mutations are more susceptible to Pst DC3000 bacteria. Four-week old 
plants were sprayed with Pst DC3000 bacteria at OD600 = 0.2. (A) Macroscopic disease 
symptoms of the indicated genotypes 3 days after Pst Dc3000 inoculation. (B) Pst DC3000 
bacterial titers were determined 3 h (= Day 0) and 3 days after inoculation. A representative 
data set with mean ± standard deviation of one experiment is shown. The experiment was 
performed three times with similar results.
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Proposed model for the involvement of the heterotrimeric G-protein complex in powdery 
mildew defense, in MAMP-triggered immunity and in MLO2-mediated control of 
spontaneous callose deposition. The model integrates previous findings (Consonni et al. 
2006, 2010) and data obtained in this study.
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Table 1
Number of top 300 genes 1 co-expressed with G-protein components present in a previously described 
















GPA1 31 15 23 9
AGB1 91 32 75 23
AGG1 90 46 62 34
RGS1 43 18 39 11
1
Top 300 genes co-expressed with GPA1, AGB1, AGG1 or RGS1 were obtained from ATTED-II (http://atted.jp/)
2
see Humphry et al. (2010) for details on the defence refulon
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